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Abstract 
We designed a transdermal system to serve as a delivery platform for benfotiamine utilizing the attributes 
of passive penetration enhancing molecules to penetrate through the outer layers of skin combined with 
the advance of incorporating various peripherally-acting vasodilators to enhance drug uptake.  
Benfotiamine, incorporated into this transdermal formulation, was applied to skin in an animal model in 
order to determine the ability to deliver this thiamine pro-drug effectively to the sub-epithelial layers. In 
this proof of concept study in guinea pigs, we found that a single topical application of either a solubilized 
form of benfotiamine (15 mg) or a microcrystalline suspension form (25 mg) resulted in considerable 
increases of the dephosphorylated benfotiamine (S-benzoylthiamine) in the skin tissue as well as in 
significant increases in the thiamine and thiamine phosphate pools compared to control animals. The 
presence of a ~8000x increase in thiamine and increases in its phosphorylated derivatives in the epidermis 
and dermis tissue of the test animals gives a strong indication that the topical treatment with 
benfotiamine works very well for the desired outcome of producing an intracellular increase of the 
activating cofactor pool for transketolase enzyme, which is implicated in the pathophysiology of diabetic 
neuropathy. 
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Introduction 
In diabetic conditions, hyperglycemia induces an altered cellular metabolism, and through a series of 
events results in the creation of damaging cellular metabolites by influencing a number of glucose 
metabolizing pathways [1,2]. Elevated glucose level increases the metabolism through the polyol pathway; 
increases fructose-6-phosphate and glyceraldehyde-3-phosphate levels, which latter in turn increases the 
use of the diacylglycerol pathway leading to an increase in protein kinase C pathway; increases the 
production of superoxide molecules and results in increased production of Advanced Glycation End-
products (AGEs) [2], a biochemical problem known to be affected in neuropathy. AGEs inhibit key cellular 
proteins from functioning properly [2-4]. In addition, AGEs have been implicated in the induction of 
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apoptosis, including peripheral nerve cells resulting eventually in the loss of sensation to the affected area 
and in an altered neuronal signaling process, which may present as pain [1,2,5]. 
There are many candidate molecular targets for the treatment of diabetic neuropathy [6-8]. Several 
have been addressed through clinical trial evaluations [8] and most have failed [9]. One of the most 
considered endpoints for the development of a therapeutic for this diabetic complication is the treatment 
of pain associated with the neuronal deterioration. As a result, there have been several candidate therapies 
using oral and topically applied pain relievers ranging from pregabalin [10,11] to capsaicin [12]. 
Apparently, in both forms (type 1 and type 2) of diabetic condition there is about 70 % thiamine 
deficiency as measured in the plasma of diabetic patients [13-15] but the physiological mechanism 
associated with this deficiency has not been clarified yet. However, a number of studies found an altered 
thiamine handling in the kidneys of diabetic patients [16-18]. Benfotiamine, (S-benzoylthiamine-O-
monophosphate), a derivative of the vitamin B1 or thiamine, has a much higher bioavailability than 
thiamine and, as a result, accumulates in the target tissues much more than thiamine itself [15,19,20]. 
Thiamine absorption from oral benfotiamine is approximately five times greater than from conventional 
thiamine supplements [21-23]. 
Once benfotiamine has been transported to the target tissue, it is converted through a series of 
metabolic and enzymatic steps to S-benzoylthiamine, which after internalization into the cell forms 
thiamine. This latter then serves as a substrate for enzymatic conversion to form thiamine mono-, di-, and 
triphosphates. It is however the thiamine diphosphate (TDP) that is responsible for binding to and 
activating the enzyme transketolase, a critical enzyme for the metabolism of the hyperglycemic by-products 
via the pentose phosphate pathway to generate metabolic products that are not damaging to the cells. 
Benfotiamine was employed to treat alcoholic neuropathy [24,25] sciatica and other painful nerve 
conditions [26,27] known to be affected with low thiamine content [28-30]. The application of 
benfotiamine and the resulting activation of the enzyme transketolase in the diabetic, hyperglycemic 
system can also produce beneficial effects on general nerve health. Benfotiamine has been shown in many 
preclinical [21,31-43] as well as clinical studies [44-57] to prevent the formation of AGEs [21,53] and 
eventually with continued treatment to reverse the symptoms associated with the neuropathy 
[46,47,52,57]. By increasing intracellular levels of thiamine, benfotiamine indirectly induces enzymatic and 
biochemical pathways [58-60] through elevated concentrations of thiamine diphosphate resulting in a 
reduced level of damaging glucose-derived chemical protein species [21,22,32,37-39,60-62]. 
Benfotiamine is currently offered as a prescriptive drug for the treatment of diabetic neuropathy in 
Europe in an oral form. It is also available for similar indications as a homeopathic medicine and as a dietary 
supplement. The typical oral dose recommended is 40-450 mg/day [63,64]. The topical application of 
benfotiamine may allow more prodrug to be introduced into the target tissues and, as a result, potentially 
generate a greater therapeutic effect. 
Experimental  
We prepared two topical formulations for these studies. The topical formulation termed as 
3 % benfotiamine was prepared according to a VALE formulation [65] and contained 3 % benfotiamine in 
soluble form, neutralized with arginine. The 5 % topical formulation contained 5 % benfotiamine, also in a 
VALE formulation, but in microcrystalline form. The stability of these products was tested after one year 
storage at 4 °C and we found that 89 % of benfotiamine was present in the active chemical form. 
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We utilized male Hartley guinea pigs (ca. 250-300 g) for pharmacokinetic studies with two topical 
benfotiamine formulations. The guinea pigs fur was clipped from their back, and an area of 4x4 cm 
depilated with Nair. After ca. 24 hours, 0.5 g of test formulation was applied to a 2x4 cm area. The test 
formulations tested either contained a solubilized topical benfotiamine (3 %) yielding a dose of 15 mg of 
benfotiamine or a microcrystalline suspension form of benfotiamine (5 %) yielding a dose of 25 mg 
benfotiamine. 
At 0.5, 1, 2, 4, 8 and 24 hours after application, groups of 5 animals were anesthetized with isoflurane 
and blood removed by cardiac stick. One group of 5 untreated animals was anesthetized and blood 
removed as vehicle control. Blood samples were directly processed to analyze benfotiamine,  
S-benzoylthiamine, thiamine and its derivatives by HPLC [66-70]. 
The skin below the area of topical application on each animal in the 24 hour exposure group was 
cleaned, rubbed with alcohol, with the intent to remove the stratum corneum, excised, weighed, 
homogenized in phosphate buffered saline, centrifuged, and ca. 2 ml extract processed for pharmacokinetic 
analyses [66-70]. 
The blood and the homogenized skin tissue were evaluated at various time points following the single 
topical application for the presence of the formulated active pharmacological ingredient (BC-DN-01: 
Benfotiamine); the dephosphorylated drug intermediate (SBT: S-benzoylthiamine); as well as the cellular 
metabolites of thiamine (T); thiamine diphosphate; (TDP) and thiamine monophosphate (TMP). 
Results and Discussion 
The biochemistry and required chemical conversions for benfotiamine from a phosphorylated open-
ringed structure to a de-phosphorylated closed ring and then subsequently forming thiamine and the 
phosphorylated species of thiamine to serve as cofactors in the transketolase reactions are found in many 
cell types including the skin tissue epidermal and dermal cells, as well as presumably peripheral nerve 
endings in the skin [22,23,59-62]. We believe that the delivery of benfotiamine to a patient via a topical 
route, as opposed to an oral administration, offers significantly greater efficacy as a result of the greater 
quantity of the drug directly deposited into the skin tissue where the neuronal endings are located. 
To examine this concept, we initiated a set of experiments to first demonstrate the viability and stability 
of preparing a topical formulation of benfotiamine. While the substance benfotiamine has been available 
for use as a solid and orally delivered therapeutic for several years the development of a novel topical 
formulation of benfotiamine has been completed for these studies. We formulated benfotiamine into 
topical preparation to maximize local drug accumulation and to minimize systemic distribution [65]. The 
goal of these formulations and administration route was to deliver significantly greater quantities of the 
drug to the afflicted peripheral dermal neuronal tissue. 
Next, we have performed a series of animal pharmacokinetic and tissue deposition experiments to 
determine the time course of appearance of thiamine derivatives in the plasma after treatment with 
benfotiamine formulations. In addition, we also analyzed the amounts of thiamine and the phosphorylated 
cellular metabolites in the skin tissue at a 24 h time point after topical treatment with benfotiamine. 
We measured the thiamine (T), thiamine diphosphate (TDP), thiamine monophosphate (TMP) and 
calculated the level of total thiamine derivatives (Total) in the blood after the application of 0.5 g of 3 % 
solubilized benfotiamine topical formulation. Upon treatment, we observed a sharp rise in the blood 
concentration of each of the thiamine derivatives within 30 minutes of the drug application (Figure 1). 
There was an additional increase until one hour, followed by a modest decline until two hours, then the 
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blood concentration of the individual derivatives and the total remained at an elevated level until 24 h after 
the application (Figure 1). 
 
Figure 1. Plasma concentration of cellular metabolites after topical application of 15 mg BC-DN-01 
(solubilized).  The pharmacokinetic profile of plasma concentrations of thiamine (T), thiamine 
diphosphate (TDP) and thiamine monophosphate (TMP) were analyzed following the single application 
15 mg of topical BC-DN-01. The data shows a rapid penetration through the skin into the plasma for all 
three thiamine derivatives with a peak for the cumulative group at 1 hour, however, holding an 
approximate 50 % increase over normal level up to 24 hours. N=5 for plasma data. 
 
The application of 0.5 g of 5 % microcrystalline benfotiamine topical formulation resulted in an 
appreciable enhancement of thiamine and its phosphorylated derivatives in the blood. Again, a sharp rise 
was observed in the blood concentration of each of the thiamine derivatives within 30 minutes of the drug 
application (Figure 2). This enhancement continued to further increase until one hour, followed by a sharp 
decline in the blood concentration of the individual derivatives and the total remained at an elevated level 
until 24 hrs after the application. Interestingly, while the microcrystalline formulation contained almost 
twice as high concentration of the active pharmacological ingredient than the solubilized benfotiamine 
formulation, the 24 hours steady state concentrations in the blood resembled to those values that were 
observed with the solubilized formulation containing a lower (3 %) benfotiamine concentration. This is an 
indication that in case of each applied formulation the benfotiamine level was at saturating concentration.  
Moreover, the more pronounced rise at one hour and the drastic drop thereafter in the concentration of 
thiamine derivatives is consistent with a robust overload (Figure 2). 
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Figure 2. Plasma concentration of cellular metabolites after topical application of 25 mg BC-DN-01 
(suspension).  The pharmacokinetic profile of plasma concentrations of thiamine (T), thiamine 
diphosphate (TDP) and thiamine monophosphate (TMP) were analyzed following the single application 
25 mg of topical suspended BC-DN-01. The data shows a rapid penetration through the skin into the 
plasma for all three thiamine derivatives with a peak for the cumulative group at 1 hour with an 
approximate 70 % increase in the group, however, dropping off to a more normal level by 4 hours. N=5 
for plasma data at 0.5, 1, 2, 4 and 8 hours and N=1 at t=24 hours time point. 
The measurement of benfotiamine, S-benzoyl-benfotiamine, thiamine and thiamine related compounds 
in skin tissues attested that there was no obvious change of TDP and TMP levels compared to controls over 
the 24 hour period when treated with solubilized benfotiamine cream (Figure 3A). The level of 
benfotiamine appeared low, however, there was a drastic rise in S-benzoyl thiamine and thiamine levels.  
As shown in Figure 3A, BFT and S-benzoyl thiamine skin level (stratum corneum removed) was 1.64 nmol/g 
and 1,492.33 nmol/g respectively.  Concomitant with these changes, the thiamine level increased from 
0.32 nmol/g to 809.25 nmol/g, resulting in a 2,500-fold enhancement in treated animals. 
The results of the accumulation of thiamine and thiamine derivatives in the skin tissue located under the 
application site after 24 h treatment with the 5 % microcrystalline formulation are summarized in Figure 3B. 
Similarly to the treatment with solubilized 3 % benfotiamine formulation, we observed no obvious change 
of TDP and TMP levels compared to controls over the 24 hour period. The level of benfotiamine appeared 
low, however, there was a drastic rise in S-benzoyl thiamine and thiamine levels. Concomitantly, the 
thiamine level increased from 0.32 nmol/g to 2,538.29 nmol/g at t = 24 hours that is a 7,880-fold increase 
in treated animals. 
We could not determine the significance of the increase in skin tissue thiamine level after 24 hrs with 
treatment of 3 % solubilized benfotiamine formulation due to the limited number of animal subjects 
involved in this experiment (N=2), however, the treatment with the 5% microcrystalline benfotiamine 
cream formulation resulted in more robust enhancement in skin tissue thiamine level and this value 
appeared significant when compared to non-treated control (p=0.03) (Figure 3C). 
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Figure 3. A; Concentration of BC-DN-01 and metabolites in skin tissue 24 h after 15 mg topical 
application of BC-DN-01 (solubilized). Analysis of the content of BC-DN-01 in skin tissue following a 
single application of 15 mg of solubilized BC-DN-01 at t=0 for the presence of BC-DN-01, its 
dephosphorylated intermediate metabolite (SBT), and thiamine (T), thiamine diphosphate (TDP) and 
thiamine monophosphate (TMP).  In addition, control levels of thiamine from untreated skin were 
analyzed and graphed. N=3 for control, BC-DN-01, TDP and TMP in skin tissue samples. N=2 for 
determination of SBT and T in skin tissue samples. B; Concentration of BC-DN-01 and metabolites in skin 
tissue 24 h after 25 mg topical application of BC-DN-01 (suspension). Analysis of the content of BC-DN-
01 in skin tissue following a single application of 25 mg of suspended form of BC-DN-01 at t=0 for the 
presence of BC-DN-01, its dephosphorylated intermediate metabolite (SBT), and the thiamine (T), 
thiamine diphosphate (TDP) and thiamine monophosphate (TMP). In addition, control levels of thiamine 
from untreated skin were analyzed and graphed; N=3 for skin. C; Thiamine levels in the skin after 24 h 
with treatment of 3 % BC-DN-01 and 5% BC-DN-01. Numbers in red are mean values from independent 
determinations as indicated in A and B. 
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These pharmacokinetic studies demonstrated that transdermally-delivered benfotiamine is capable of 
serving as a prodrug for blood and intradermal thiamine production. By making use of alternative drug 
forms of the benfotiamine as well as modifying the formulation cofactors and solvents we were able to 
achieve a significant bioavailability in the target tissue of the skin tissue while also protecting the integrity 
of the molecule for stability purposes. Our experimental data from these pharmacokinetic studies with 
topical benfotiamine formulation has demonstrated a significant, ~8000-fold, increase in the level of 
thiamine chemical species in the skin tissue of animals receiving a single 25 mg dose of topical 
benfotiamine at the 24 hour time point following the application. 
The administration of benfotiamine as a topical prodrug offers several advantages over an oral delivery. 
Firstly, benfotiamine contains a unique open-ringed structure giving the molecule a significantly higher 
bioavailability index compared to thiamine [71-73]. Thus, the first pass liver metabolism as well as 
metabolic conversions of the drug crossing the intestinal wall will be avoided with a topical administration. 
Secondly, the oral delivery of benfotiamine has been shown to significantly accumulate in the erythrocytes 
[74] and then in the liver as opposed to being delivered in significant doses to the peripheral nerves in the 
skin of the legs and hands. Topical delivery of benfotiamine will concentrate the drug in the target tissues 
immediately without dilution. As a result, the impact on the damaged cells and tissues should respond 
better than the oral applications. 
In contrast to using thiamine as the drug to treat diabetic peripheral neuropathy, benfotiamine is a 
chemical analog of thiamine that is considerably more bioavailable at the systemic as well as the cellular 
level than thiamine. Therefore, if administered to patients with diabetic neuropathy, topical benfotiamine 
should have a favorable efficacy profile through the introduction of greater quantities of thiamine into the 
cell. Thiamine cellular absorption derived from orally administered benfotiamine is about five times greater 
than those levels obtained from conventional thiamine supplements [19,71-73]. This differential 
bioavailability is even greater in the brain and muscle tissues that yield five- to twenty-five-fold more 
thiamine [22] after a benfotiamine application compared to equivalent doses of thiamine.  
For benfotiamine given transdermally, a similar cascade of biochemistry occurs with the 
dephosphorylation of the native benfotiamine catalyzed by phosphatase enzymes positioned on the 
outside of epidermal cells producing S-benzoylthiamine. Once in this form, the S-benzoylthiamine prodrug 
follows the same passive transport across the membrane of the cells of the epidermis and dermis including 
those of the Schwann cells and neurons, delivering a high dose of the prodrug and subsequently the 
thiamine to those cells. The thiamine diphosphate produced from the elevated thiamine activates the 
transketolase and the pentose phosphate pathway, altering the glucose metabolism to reduce the 
formation of AGEs. Reduction of AGEs in the Schwann and neuronal cells reduces the expression of 
neuropathy symptoms and also addresses the base etiology of the disease state. 
Conclusions 
Conclusions from the proof of concept study in guinea pigs is primarily that after single topical 
application of either a solution form of benfotiamine (15 mg) or a microcrystalline suspension form (25 mg) 
we found considerable increases of the dephosphorylated benfotiamine (S-benzoylthiamine) in the skin 
tissue as well as significant increases in the thiamine and thiamine phosphate pools compared to control 
animals. The presence of a ~8000x increase in thiamine and increase in its phosphorylated derivatives in 
the epidermis and dermis tissue of the test animals gives a strong indication that the topical treatment with 
benfotiamine works very well for the desired outcome of producing an intracellular increase of the 
activating cofactor pool for transketolase. Subsequently, it is reasonable to conclude that this metabolite 
ADMET & DMPK 2(4) (2014) 272-281 Transderamal Delivery of Benfotiamine in an Animal Model 
doi: 10.5599/admet.2.4.130 279 
level increase, including TDP, as a function of cellular compartmentalization of metabolites and pools of the 
thiamine derivatives, will well serve the diabetic neuropathic disease condition by activating the 
transketolase and activating the pentose phosphate pathway as an alternative mechanism to metabolize 
glucose into harmless end-products as opposed to the continued production of advanced glycation end-
products. 
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